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A DELAY CIRCUIT THAT SCALES WITH CLOCK CYCLE TIME 



RELATED U.S. APPLICATION 

This application claims priority to the co-pending provisional patent application, 
5 Serial Number 60/457,525, Attorney Docket Number CYPR-CD03007.PRO, entitled "A 
Switched Capacitor Delay Element with Minimum Delay Variation Across PVT," with 
filing date March 24, 2003, and assigned to the assignee of the present application. This 
application is hereby incorporated by reference. 

1 0 FIELD OF THE INVENTION 

The present invention relates generally to electronic circuitry and in particular to 
circuits having PVT invariant delays. 

BACKGROUND OF THE INVENTION 

1 5 Delay element circuits are widely used in analog and digital electronic circuitry. 

The purpose of such a circuit is to take an input signal, to delay it for a period of time, 
and to then pass the signal to an output circuit. Delay element circuits may be used to 
adjust the setup (tg) and hold (t H ) times of signals entering a circuit, or to adjust the clock 
to output time (sometimes referred to as t co or t CQ ) of signals leaving a circuit. Delay 

20 elements may also be used to adjust the timing of clock and data signals output from 
electronic devices, such as memory devices. 

An embodiment of a conventional delay element circuit is shown in Figure 1. 
This circuit 100 includes a first operational transconductance amplifier (OTA) 110, 
25 commonly referred to as an 'op-amp', and second OTA 115. This circuit 100 further 
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includes a first resistor 120, a second resistor 125, a trip inverter 130, a delay inverter 
135, and a first (Ml), second (M2), third (M3), fourth (M4), fifth (M5), and sixth (M6) 
transistor. In the exemplary embodiment of Figure 1, the second (M2), fifth (M5), and 
sixth (M6) transistors include NMOS transistors, and the first (Ml), third (M3), and 
5 fourth (M4) transistors include PMOS transistors. 



The delay element of the conventional implementation 100 includes the path 
from the input marked 'in 140', through the fourth (M4) and fifth (M5) transistors and 
through the delay inverter 135 to the output 150. The propagation delay time (Tpd) of 
1 0 a falling edge through this circuit is given by the following equation (1), where Cin 155 
is the input capacitance of the delay inverter 135 as shown in Figure 1, m is the 
multiplier of the transistor size (e.g., m=M3/Ml), R is the value of the resistor, and vtrip 
is the trip voltage for the inverter: 



1 5 Tpd (of a falling edge) 



= Cin* (vtrip -0)/m*Ip 

= Cin *(vtrip)/m*(vtrip_p/R) 

= Cin * R/m (since vtrip ~ vtrip_p). (1) 



The delay of a rising edge through this circuit is given by equation (2): 

20 

Tpd (of a rising edge) = Cin * (vdd - vtrip) /m*In 

= Cin *(vdd - vtrip) /m*(vdd - vtrip_n)/R 
= Cin * R/m (since vtrip ~ vtrip_n). (2) 
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The delay is a product of the first resistor 120 and the second resistor 125 values, 
marked' R', and the input capacitance 155 of the delay inverter 135 as shown in Figure 
1. These resistor and capacitor values are fixed, and are typically chosen in the design 
phase to match the desired operating frequency of the circuit. However, these resistor 
5 and capacitor values will vary with process, voltage, and temperature (PVT), and as a 
result, the delay of circuit 100 will vary in response to PVT variations. 

In one exemplary embodiment, simulations of this circuit show a plus or minus 
37 percent variation in delay across PVT. A disadvantage of this conventional circuit 
1 0 100 is that the wide variation in propagation delay across PVT may cause improper 
operation of the application. A further disadvantage of this conventional circuit 100 is 
that the propagation delay of this element (which depends only on the resistance and 
input capacitance values of the circuit), once designed, does not readily adjust in 
proportion to an input signal. 
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SUMMARY OF INVENTION 

Thus, a need exists for a circuit having a delay element that does not vary with 
PVT variations. The circuit may have a propagation delay that does not depend on a 
fixed resistor value, but rather has a propagation delay as a function of a capacitance 
5 ratio that can be controlled very accurately across PVT variations. A further need exists 
for a delay element that is scalable according to an input clock cycle. Still another need 
exists for a delay element which is compatible with existing manufacturing and 
operating processes. Embodiments of the present invention provide these advantages. 

10 A circuit having a process, voltage, and temperature (PVT) invariant delay 

element is disclosed. In one embodiment, the present invention includes a first and 
second operational transconductance amplifier (OTA), a first and second switched 
capacitor driven by an input clock, and a first and second clock-controlled switch. In 
addition, embodiments of the present invention include a trip inverter, a delay inverter, 

1 5 and a plurality of transistors. In so coupling the first and second OTA, the first and 

second switched capacitor, the first and second clock-controlled switch, the trip inverter, 
the delay inverter, and the plurality of transistors, a circuit having a PVT invariant delay 
element is provided. 

20 The resultant propagation delay of the circuit is based on a ratio of capacitance 

values, specifically the switched capacitor and the input capacitance. The ratio is 
invariant to variations in PVT. Moreover, the propagation delay is proportional to the 
cycle of time of the input clock which controls the switched capacitor. 
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An embodiment of the present invention further provides a method for 
implementing a delay element with a low variation across process, voltage, and 
temperature (PVT) into a circuit. In one embodiment, a switched capacitor is provided 
in a delay element circuit. In addition, a hold capacitor is utilized to maintain a trip 
5 voltage to the switched capacitor, wherein the ratio of the switched capacitor 

capacitance and the input capacitance has lower variation across process, voltage, and 
temperature changes than an equivalent resistor in the delay element circuit. 

In its various embodiments, the present invention provides a circuit having a 
1 0 process, voltage, and temperature (PVT) invariant delay element. The present 

invention also provides a circuit having a delay element wherein the propagation delay 
does not depend on a fixed resistor value, but where the propagation delay is a function 
of a capacitance ratio which can be controlled accurately across PVT variations. The 
present invention further provides a circuit having a PVT invariant delay element which 
1 5 is scalable according to the input clock cycle. The present invention additionally 
provides a circuit having a PVT invariant delay element which achieves the above 
accomplishments and which readily interfaces with industry standard components and ' 
meets industry standard specifications. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and form a part of this 
specification, illustrate embodiments of the invention and, together with the 
description, serve to explain the principles of the invention. 

5 

FIGURE 1 is a circuit for a conventional delay element. 

FIGURE 2 is a circuit for the improved delay element in accordance with an 
embodiment of the present invention having a propagation delay that is invariant to 
1 0 PVT variations and scalable to an input. 

FIGURE 3 is a flowchart of the steps for utilizing a delay element with a low 
variation across PVT into a circuit in accordance with an embodiment of the present 
invention. 

15 

FIGURE 4 is a block diagram of an exemplary memory device using a delay 
element to adjust clock and data output in accordance with an embodiment of the 
present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

Reference will now be made in detail to embodiments of the invention, examples 
of which are illustrated in the accompanying drawings. While the invention will be 
described in conjunction with the preferred embodiments, it will be understood that 
5 they are not intended to limit the invention to these embodiments. On the contrary, 
the invention is intended to cover alternatives, modifications and equivalents, which 
may be included within the spirit and scope of the invention as defined by the 
appended claims. Furthermore, in the following detailed description of the present 
invention, numerous specific details are set forth in order to provide a thorough 
1 0 understanding of the present invention. However, the present invention may be 
practiced without these specific details. In other instances, well-known methods, 
procedures, components, and circuits have not been described in detail as not to 
unnecessarily obscure aspects of the present invention. 

1 5 With reference now to Figure 2, an embodiment of a circuit 200 having a process, 

voltage, and temperature (PVT) invariant delay element is shown. The propagation 
delay is also scalable with reference to an input clock cycle time. Delay element circuit 
200 includes a first operational trans conductance amplifier (OTA) 210 and a second OTA 
215. Delay element circuit 200 further includes a first hold capacitor (Ch) 260, a second 

20 Ch 265, a first switched capacitor 220, a second switched capacitor 225, a first clock- 
controlled switch 240, a second clock-controlled switch 245, a first clockbar-controlled 
switch 250, a second clockbar-controlled switch 255, a trip inverter 230, a delay inverter 
235, and a first (Ml), second (M2), third (M3), fourth (M4), fifth (M5), and sixth (M6) 
transistor. In the exemplary embodiment of Figure 2, the second (M2), fifth (M5), and 



CYPR-CD03007/ACM/JDY 



CONFIDENTIAL 



sixth (M6) transistors include NMOS transistors, and the first (Ml), third (M3) and fourth 
(M4) transistors include PMOS transistors. 



In one embodiment, circuit 200 includes a delay element 201 having a first 
5 switching leg 205 including a first switched capacitor 225 and a second switching leg 207 
having a second switched capacitor 220. An input signal switching leg 240 is coupled 
with the delay element 201 and a delay inverter 235 is coupled with the delay element 
210, such that a propagation delay of the delay element 201 is a function of a switch 
capacitance of the first switched capacitor 225 and the second switched capacitor 220 and 
1 0 an input capacitance 285. Delay element 201 also includes a trip inverter 230 coupled 
with the first switching leg 205 and the second switching leg 207 to supply the vtrip to 
the delay element 201. 

First switching leg 205 includes a first operational transconductance amplifier 
1 5 (OTA) 215 coupled with the trip inverter 230 and a NMOS transistor M2. In addition, a 
first hold capacitor 265 is coupled with the first OTA 215 and the first switched capacitor 
225 and supplies a voltage to the first switched capacitor 225 since no resistor is present. 
Second switching leg 207 includes a second OTA 210 coupled with the trip inverter 230 
and a PMOS transistor Ml. In addition, a second hold capacitor 260 is coupled with the 
20 second OTA 210 and the second switched capacitor 220 and supplies a voltage to the 
second switched capacitor 220 since no resistor is present. 

The delay element circuit 200 includes the path from the input marked 'in' 240, 
through the fourth (M4), and fifth (M5) transistors and through the delay inverter 235 
25 to the output 280. In an alternative embodiment, any logic gate or other delay element 



CYPR-CD03007/ACM/JDY 



-8- 



CONFIDENTIAL 



could be used as a propagation delay with this circuit. The hold capacitors 260 and 265 
are relatively large and their purpose is to hold the nodes marked Vtrip-n' and Vtrip-p' 
at a reference value. In an alternative embodiment, the hold capacitors 260 and 265 
could be replaced by another capacitance in parallel with the switched capacitor, 
5 controlled by a complimentary clock to that of the switched cap. 

With reference now to Figure 3, a flowchart of the steps for utilizing a delay 
element with a low variation across PVT into a circuit is shown in accordance with an 
embodiment of the present invention. 

10 

With reference now to step 301 of Figure 3 and to Figure 2, in one embodiment, 
a switched capacitor is provided in a delay element. A switched capacitor is simply a 
circuit having a capacitor and two switches which are controlled with clock and clock- 
bar. By utilizing a switched capacitor (e.g., 220 and 225) instead of a resistor, the 

1 5 dependency of the delay element on the resistor is removed. Instead, the propagation 
delay in the delay element circuit 200 becomes a function of a capacitance ratio instead 
of a single absolute capacitance and can thus be controlled very accurately over PVT 
because variations are cancelled out. Moreover, due to the clock and clock-bar inputs to 
the switched capacitors (e.g., 220 and 225), the propagation delay of delay element 

20 circuit 200 is directly proportional to cycle time of the input clock. That is, a change in 
clock frequency causes a change in the propagation delay applied by delay element 
circuit 200 to the clock. 

Delay element circuit 200 replaces the resistors of the conventional circuit with a 
25 switched capacitor (e.g., 220 and 225) of equivalent resistance, given by the equation: 
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R (equivalent) = 1/ (Frequency of switching clock * Capacitance of switched 
capacitor). 

Therefore, the propagation delay of a falling edge through circuit 200 (e.g., from 
5 start of signal fall until the circuit switches) is given by the following equation (3): 

Tpd (of a falling edge) = Cin * (vtrip -0)/m*Ip 

= Cin *(vtrip)/(m*(vtrip_p/Req)) 

= Cin * Req/m (since vtrip ~ vtrip__p) 

= (Tcyc/m)*(Cin/C). (3) 

10 

The propagation delay of arising edge through this circuit (e.g., from start of 
signal low through rise to switch point) is given by equation (4): 
Tpd (of a rising edge) = Cin * (vdd- vtrip) / m*In 

= Cin *(vdd - vtrip) /(m*(vdd - vtrip_n)/Req) 
15 = Cin * Req/m (since vtrip ~ vtrip_n) 

= (Tcyc/m)*(Cin/C). (4) 

Where the 'm' value in the above equation is the multiplication factor (size) of a 
transistor (e.g., m=M3/Ml=M6/M2), Cin is the input capacitance 285, and vtrip is the 
20 trip voltage for the inverter. 



From these relationships, it can be seen that in the improved embodiment, the 
propagation delay through the circuit for the rising and falling edges is a function of the 
ratio of the input capacitance (Cin) 285 to the switched capacitance (C). Because this 
25 ratio will stay relatively constant, regardless of variations in PVT, the propagation delay 
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variation is significantly less than in the conventional circuit. In one exemplary 
embodiment, simulation results show a propagation delay variation of just plus or 
minus 12 percent in the circuit, when compared to a propagation delay variation of plus 
or minus 37 percent for the conventional circuit with respect to PVT variations. This is 
5 an advantage of the delay element circuit 200. Further advantages of the delay element 
circuit 200 include the fact that dependency of propagation delay on a resistor value is 
eliminated, and the fact that the propagation delay of this element scales according to 
clock cycle and transistor size. 

1 0 Referring now to step 303 of Figure 3 and Figure 2, in one embodiment, a 

switched capacitor is utilized to provide the delay element with a ratio of switched 
capacitance to the input capacitance 285 wherein the ratio provides a lower variation 
across process, voltage, and temperature changes than an equivalent resistor in the 
delay element circuit. That is, as stated herein, the propagation delay is no longer a 

1 5 product of resistance and capacitance and therefore PVT variations with respect to the 

resistors are removed. Moreover, the absolute capacitance is replaced with a ratio of 
capacitance which can easily be controlled. Thus, the addition of a clock and clock-bar 
switch allows frequency of the clock signal to become an additional factor. In 
operation, vtrip is a standard voltage used to set the reference for tripping the inverter 
20 and is forced onto the OTA nodes (e.g., 210 and 215) by the inverter 230. 

With reference now to Figure 4, a block diagram of an exemplary memory 
device using a delay element to adjust clock and data output is shown in accordance 
with an embodiment of the present invention. In one embodiment, the delay element 

2 5 circuit 200 utilizes the same reference clock 410 as the reference clock used by the data- 
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providing device (e.g., a memory device 400). In operation, the delay element circuit 
200 is used to provide a propagation delay to the clock signal (e.g., delayed clock 430) 
not the data 420. That is, the clock 410 goes through the delay element circuit 200 and 
the clock is delayed the preset amount (e.g., delayed clock 430), but the data 420 
5 bypasses the delay element circuit 200. For example, a downstream device such as a 
latch, manipulates data output between two transitions (e.g., clock signals). As is well 
known, the margin before the clock edge is set-up time and after that, it is hold time. 
The delay element circuit 200 allows a user to adjust the position of the clock edge 
within that window. By delaying the clock 430 with respect to the data 420, any skew 
1 0 between the data 420 and the clock edge 410 can be removed. For example, if there is 
more propagation delay in the data 420 path than in the clock 410 the delay element 
circuit 200 is applied to re-sink the clock path (e.g., delayed clock 430) versus the data 
420 path. 

1 5 In another embodiment, the delay element circuit 200 may be used to over-delay 

the clock path 430 versus the data420. For example, the clock 410 may be delayed to 
conform to the setup and hold requirements of downstream devices such as a latch. In 
yet another embodiment, external control pins may be accessible to provide a user with 
the ability to skew the clock 410 versus the data 420 to meet the setup and hold 

20 requirements of the downstream device. 

With reference now to step 305 of Figure 3 and Figure 2, in one embodiment, the 
feed input from the clock frequency is used to set the propagation delay. That is, not 
only is the propagation delay of the delay element circuit 200 controllable during 
25 manufacture, it is also adjustable when used in an operational circuit. That is, the 
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10 



capacitance ratio used in the manufacturing process provides a first static propagation 
delay variable, and the clock frequency used in operation provides a second dynamic 
propagation delay variable. Due to the plurality of propagation delay variables, the 
delay element circuit 200 may be adjusted to provide any percentage of offset to the 
clock. For example, the delay element circuit 200 may offset the clock by 25, 50, 75, or 
any other percentage desired by the user. Furthermore, the delay element circuit 200 
may be used as a propagation delay in place of a phase lock loop (PLL) or delay lock 
loop (DLL) circuit hereby providing additional to both manufacturer and consumer 
while also simplifying the overall circuit. 



It should be appreciated that reference throughout this specification to "one 
embodiment" or "an embodiment" means that a particular feature, structure or 
characteristic described in connection with the embodiment is included in at least one 
embodiment of the present invention. Therefore, it is emphasized and should be 
1 5 appreciated that two or more references to "an embodiment" or "one embodiment" or 
"an alternative embodiment" in various portions of this specification are not necessarily 
all referring to the same embodiment. Furthermore, the particular features, structures 
or characteristics may be combined as suitable in one or more embodiments of the 
invention. 

20 

Similarly, it should be appreciated that in the foregoing description of exemplary 
embodiments of the invention, various features of the invention are sometimes 
grouped together in a single embodiment, figure, or description thereof for the 
purpose of streamlining the disclosure aiding in the understanding of one or more of 
25 the various inventive aspects. This method of disclosure, however, is not to be 
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interpreted as reflecting an intention that the claimed invention requires more features 
than are expressly recited in each claim. Rather, as the following claims reflect, 
inventive aspects lie in less than all features of a single foregoing disclosed embodiment. 
Thus, the claims following the detailed description are hereby expressly incorporated 
5 into this detailed description, with each claim standing on its own as a separate 
embodiment of this invention. 

Thus, the present invention provides, in various embodiments, a circuit having a 
process, voltage, and temperature (PVT) invariant delay element. Embodiments of the 

1 0 present invention also provide a circuit having a delay element wherein the 
propagation delay does not depend on a fixed resistor value, but where the 
propagation delay is a function of a capacitance ratio which can be controlled accurately 
across PVT. The present invention further provides a circuit having a PVT invariant 
delay element which is scalable according to the input clock cycle. The present 

1 5 invention additionally provides a circuit having a PVT invariant delay element which 
achieves the above accomplishments and which readily interfaces with industry 
standard components and meets industry standard specifications. 

The foregoing descriptions of specific embodiments of the present invention 
20 have been presented for purposes of illustration and description. They are not intended 
to be exhaustive or to limit the invention to the precise forms disclosed, and obviously 
many modifications and variations are possible in light of the above teaching. The 
embodiments were chosen and described in order to best explain the principles of the 
invention and its practical application, to thereby enable others skilled in the art to best 
25 utilize the invention and various embodiments with various modifications are suited to 
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the particular use contemplated. It is intended that the scope of the invention be 
defined by the Claims appended hereto and their equivalents. 
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